To investigate the possible causes of the massive spread of fowl adenovirus (FAdV) infection among chickens in recent years in China, 32 batches of live-virus vaccines were tested for contamination with FAdV by PCR. Among these, 1 live Newcastle disease virus (NDV) vaccine of the LaSota strain was demonstrated to be positive for contamination. The amplified hexon gene exhibited 99.8% identity with a recent Chinese field isolate (JSJ13) of FAdV-4. The positive LaSota vaccine was first neutralized with anti-NDV serum and then inoculated into specific pathogen-free embryos at embryonic day 5 through the yolk sac for isolation of the contaminated FAdV. The same hexon gene bands were amplified from extracted DNA of the liver tissues and chicken embryo allantoic fluid of the inoculated embryos, indicating the replication and isolation of the FAdV-4 virus strain that had contaminated the vaccine. This represents the first report of FAdV-4 contamination in a live vaccine for poultry in China. These findings suggest that contamination of live vaccine might represent one of the most important causes of massive outbreaks of FAdV infection among chickens and indicate that FAdV should therefore be included in the regular monitoring list for the detection of exogenous viral contamination of attenuated vaccines for poultry.
INTRODUCTION
Fowl adenoviruses (FAdV) are the etiologic agents of multiple pathologies in chicken. FAdV worldwide have been grouped into 5 species (FAdV-A to FAdV-E) with 12 serotypes (FAdV-1 to -8a and -8b to 11) based on restriction enzyme digest pattern and serum crossneutralization testing (Hess, 2000) . The most notable diseases associated with FAdV-infection in chicken are inclusion body hepatitis (IBH), hydropericardium syndrome (HPS), and gizzard erosions (GE) (Khawaja et al., 1988; Cheema et al., 1989; Abe et al., 1998) .
FAdV-4 plays a major role in the etiology of HPS, a very important disease in broiler chickens that is characterized by the accumulation of transparent or strawcolored fluid in the pericardial sac, nephritis, and hepatitis and exhibits a high mortality of 30 to 70% (Kim et al., 2008; Schachner et al., 2014) . HPS was first observed in Pakistan in 1987 (Khawaja et al., 1988) and outbreaks have subsequently been reported in India, the Middle East, Japan, Mexico, Peru, Ecuador, and Chile (Cheema et al., 1989; Abe et al., 1998; Toro et al., 1999) , causing significant losses to the poultry industry.
Clinical cases of HPS have been increasing in China since 2012 Zhao et al., 2015) . However, whether the associated viruses or other epidemiological factors contributed to the significantly enhanced virulence of these HPS outbreaks remained unknown. Considering that many of the live, attenuated vaccines for poultry from markets had been confirmed to contain exogenous viruses, such as avian leucosis virus (ALV) and reticuloendotheliosis virus (REV), and the possibility of a contaminated vaccine underlying the initial massive spread of HPS throughout Pakistan had previously been raised (Ahmad et al., 1992) , we questioned whether some live, attenuated vaccines might also be contaminated with FAdV. To control the spread and dissemination of exogenous viruses, the Ministry of Agriculture of the People's Republic of China requests that all vaccines should be tested for exogenous viruses prior to marketing. As the current domestic standards for exogenous avian disease vaccine virus detection do not include FAdV detection, the universality of FAdV infection in domestic chickens might be related to the pollution of poultry with FAdV via contaminated live vaccines as well as to FAdV subclinical infection and vertical transmission characteristics. Therefore, we collected some commercially produced live vaccines to assess the presence of FAdV contamination among the attenuated vaccines available in the Chinese market.
In our current study, we isolated a FAdV-4 isolate strain from a live Newcastle disease virus (NDV) vaccine and determined the phylogenetic relationships between the contaminating FAdV and various FAdV reference strains based on the hexon gene sequence. This is the first report of an FAdV strain being isolated from a live vaccine for poultry that had been produced in China.
MATERIALS AND METHODS

Analysis of the Live Vaccine
To identify whether any exogenous FAdV was present in live vaccines, we tested 32 batches of livevirus vaccines (10 against Marek's disease, 12 live NDV, and 10 fowlpox virus) by polymerase chain reaction (PCR) using a pair of primers (forward: 5 -AACGTCAATCCCTTCAACCACC-3 ; reverse: 5 -TTGCCTGTGGCGAAAGGCG-3 ) based on the available FAdV hexon gene nucleotide sequences strain JSJ13 (FAdV-C, GenBank Accession No. KM096544). A pair of primers was designed using DNAStar 6.0 (Madison, WI) and used to amplify the obtained total DNA. Vaccine sample DNA was extracted using a DNA extraction (Omega Bio-Tek, Norcross, GA) kit according to the manufacturer's instructions. The PCR amplification was performed using the TaKaRa Ex Taq kit (TaKaRa Bio, Inc. Shiga, Japan) according to the manufacturer's instructions. The amplified fragment was 1,318 bp in length. All samples were analyzed in duplicate.
Isolation of the Contaminated FAdV
A bottle of the NDV vaccine (1,000 plume units) that tested positive in the previous step was diluted with 2 mL sterilized PBS and then was neutralized using an anti-NDV antibody (China Institute of Veterinary Drugs Control, Beijing, China) for 60 min at 37
• C, centrifuged at 10,000 × g for 15 min at 4
• C, and then filtered (0.22-μm, EMD Millipore, Billerica, MA) to remove most bacteria. Then, 8-day-old specific pathogenfree (SPF) chicken embryos were inoculated with 0.2 mL supernatant via the embryo yolk sac. The embryos were hatched in a 37
• C, 70% humidity incubator and the occurrence of embryo death was determined every 12 h. The liver tissue and the allantoic fluid of the inoculated 18-day-old SPF embryonated chicken eggs were collected for further analysis.
Identification of the Hexon Gene of the FAdV Isolate
The DNA of FAdV strains was extracted using a DNA extraction kit (Omega Bio-Tek) according to the manufacturer's instructions. PCR amplification was performed as previously described. All PCR amplification products were analyzed on 1% agarose gels stained with ethidium bromide. The PCR products were purified using the Gel Band Purification Kit (Omega BioTek, Norcross, GA) and cloned into the pMD18-T vector (TaKaRa) followed by sequencing in triplicate using an ABI 3730 Sanger-based genetic analyzer (Applied Biosystems, Carlsbad, CA).
Hexon Gene Sequence Alignment and Phylogenetic Tree Analysis
The DNA sequences of FAdV were assembled using DNAStar 6.0. Our dataset also included 22 FAdV genome sequences from GenBank. Multiple sequence alignment was performed using the Clustal W (BioEdit version 7) program and the comparison of sequence identity was performed using MegAlign software (DNAStar). Phylogenetic analysis of the hexon gene regions was performed using the Maximum Likelihood (ML) method in RAxML (Stamatakis, 2006 ). The GTRGAMMA model was designated as the nucleotide model and the robustness of the ML tree was evaluated by a bootstrap analysis of 1,000 replicates.
RESULTS
Isolation and Identification of the FAdV Contaminant
Viral DNA in the sampled vaccines and tissues was detected by PCR. A single DNA sample for a Newcastle disease mild vaccine (Clone30 strain, live vaccine) among the 32 tested batches of live-virus vaccines was identified to be PCR-positive for FAdV, whereas DNA extracted from other vaccine samples was consistently negative (Figure 1 ). The chicken embryo yolk sacs inoculated with the positive sample were PCR-positive for FAdV and yielded a PCR product of the expected length of approximately 1,310 bp. All yolk sacs inoculated with PBS were PCR-negative for FAdV. The hexon gene sequence amplified from the NDV vaccine was the same as that amplified from the chicken embryo allantoic fluid and the liver tissue of the 18-day-old SPF embryonated chicken eggs. These data indicated that an exogenous FAdV-4, designated FAdV-N22, had been isolated and identified from the contaminated live NDV vaccine. To ensure the accuracy of the results obtained in our study, we selected 2 bottles from the same batch of NDV vaccine at random to repeat the experiment and found that the results were consistent with those initially obtained. 
Sequence Analysis of the Hexon Gene of the FAdV Isolate
The hexon gene sequence of the FAdV-N22 isolate was submitted to GenBank, under the accession number KU764777. The percent sequence identities with the available aviadenovirus hexon genes for the reference strains of the various FAdV species are given in Table 1 . The shared nucleotide sequence identities for the predicted hexon gene of FAdV-N22 and that for the FAdV reference strains ranged from 98.3 to 99.8% for the 5 species C strains; the best match was obtained with the JSJ13 strain which 
Phylogenetic Analysis of the Hexon Gene of the FAdV Isolate
Phylogenetic analysis based on the hexon gene (Figure 2 ) of the FAdV-N22 strain characterized in this study, together with that of 22 FAdV strains from different countries, led to the establishment of 2 major groups with high bootstrap values. Group I could be further divided into subgroups A through E, representing the five species of FADV (FAdV-A to FAdV-E). Group II consisted of 2 isolates that belonged to FAdV-II (HEV) and FAdV-III (EDSV), which localized in an independent cluster.
The phylogenetic analysis showed that the strain FAdV-N22 was the closest relative to FAdV-4 and was classified into the same cluster (FAdV-C) as JSJ13, ON1, KR5, fowl adenovirus 10, and fowl aviadenovirus C, which had been reported as the reference strains of serotype 4 of FAdV. However, the FAdV-N22 strain was relatively distant from other species. In addition, FAdV-N22 clearly belonged to a different branch than HEV and EDSV, which suggested the furthest relationship existed with this group among the strains tested. Overall, these results confirmed that the FAdV-N22 isolate was a species C strain.
DISCUSSION
Over the past decade, numerous attenuated vaccines for poultry have been confirmed to contain exogenous viruses. The most reported contaminant viruses are ALV (Bagust et al.,1979; Witter and Salter, 1989; Fadly et al., 1996; Hertig et al., 1997; Diallo et al., 1998; Fadly et al., 2006; Aly et al., 2006; Taylor et al., 2008; Awad et al., 2010; Wang et al., 2010; Biswas et al., 2011; Wei et al., 2012; Li et al., 2015) and REV (Hussain et al., 2003; Fadly et al., 2006; Zavala and Cheng, 2006; Zhao et al., 2014) , with FAdV also being reported (Ahmad et al., 1992) . The main reason for this phenomenon is the use of vaccines made from SPF chicken embryos polluted by viruses. These viruses (e.g., ALV and REV) are mainly transmitted vertically. In the current study, we isolated and identified strain FAdV-N22 from a live NDV vaccine, and classified this isolate as serotype 4 by sequence alignment and phylogenetic analysis. This is the first report of an FAdV-4 strain being isolated and identified from a live vaccine in China.
In recent years, the increasing numbers of clinical FAdV infections have been of considerable concern and many FAdV strains related to IBH, HPS, or GE have been isolated from these cases in many countries (Choi et al., 2012; Mase et al., 2012; Kaján et al., 2013; Mittal et al., 2014) . Some of these infections are highly pathogenic to chickens and result in considerable economic losses (Mazaheri et al., 1998; Dahiya et al., 2002; Schonewille et al., 2008; Steer et al., 2015) . Once contaminated by FAdV, biological products for disease control not only result in the spread of FAdV, but also cause damage to the immune system of infected chickens because of the capacity of FAdV to transmit both vertically and horizontally. In particular, outbreaks of HPS have displayed an increasing trend in China since 2012 and have already affected the vigorous development of the poultry industry .
Most reported cases of HPS were found to be caused by FAdV-4, which belongs to FAdV-C (Nakamura et al., 1999; Kim et al., 2008; Schonewille et al., 2008; Schachner et al., 2014; Steer et al., 2015) . The hexon protein is the main antigen protein in FAdV, containing a type group-specific antigen epitope and a neutralizing antigen epitope (Mittal et al., 2014) . The determination of hexon gene sequence can aid in the determination of strain-specific of hexon protein structure and function. In addition, as the FAdV hexon protein is relatively conserved among avian adenoviruses (Kaján et al., 2013) , performing comparative gene sequencing among avian adenovirus family members provides a theoretical basis for the taxonomic status and evolution of the relationship between isolated and known strains. Therefore, to better characterize the FAdV-N22 isolate at the molecular level, we compared the hexon sequence of the FAdV-N22 strain with those of the FAdV strains in the GenBank database (Table 1) .
Comparison of hexon nucleotide sequences between FAdV-N22 and other FAdV strains of different species indicated that FAdV-N22 had the highest homology with 5 reference strains of FAdV-4 but exhibited relatively low homology with other subtypes and other species. In addition, the phylogenetic tree based on the hexon sequences indicated that the FAdV-N22 isolate clearly fell into species C. The phylogenetic analysis also showed that FAdV-N22 shared the highest level of nucleotide sequence identity with the JSJ13 strain of FAdV, indicating that they belonged to the same sub-branch (Figure 2 ). The JSJ13 strain, which had been isolated in China in 2015, was therefore considered likely to be responsible for the FAdV infection through the contaminated vaccine. Further studies are warranted to characterize the phylogenetic relationship between the FAdV-N22 and JSJ13 strains in more detail.
During the production of attenuated live vaccines, FAdV contamination might originate from various sources. However, the use of FAdV-infected chicken embryos is likely the major source of FAdV contamination. In our current study, we investigated the possible source of FAdV contamination in the NDV vaccine. Our results indicated that the contamination most likely originated from the SPF chicken embryos used in vaccine production. The Ministry of Agriculture of the People's Republic of China specifies that all attenuated vaccines for poultry must use SPF chicken embryos and cells as the raw materials for the production of attenuated vaccines beginning as of January 1, 2008. However, research has shown that the quality of the SPF chicken embryos in China is not perfect. As the vaccination of chickens with an FAdV-contaminated live vaccine poses significant risks to chickens, future studies are warranted to assess the pathogenicity of the FAdV-N22 strain in chickens to better determine its effects from the contaminated NDV vaccine.
In summary, we successfully isolated and characterized an FAdV-N22 strain from a live NDV vaccine produced in China. The analysis of the hexon nucleotide sequence showed that the FAdV isolate shared a high level of sequence identity with the JSJ13 strain of FAdV-4, which was previously isolated from chickens in China. In addition, the 2 strains localized in the same small branch of a phylogenetic tree, indicating that the 2 strains share a common origin. These results suggest that the contamination of live vaccines might represent one of the most important causes of the massive outbreaks of FAdV infection in chickens. Our findings highlight the need for more extensive regular monitoring procedures of live vaccines for poultry in China to reduce the threat of contamination with exogenous viruses.
